INTRODUCTION
The primary photore~ctions of photosynthesis give rise to spin-polarized, transient electron paramagnetic resonance (EPR) signals.
Previous studies on a variety of photosynthetic organisms hav~ given us inform~tion about: the mechanism of the primary electron transfer reactions, t~e ch~mical identity of the species involved in these events [1] [2] [3] [4] [5] [6] , the dynamics of these reactions [7] [8] [9] , and the struitur~l relation and interactions between th~ primary photoreactants.
Previous attempts at analyzing spin-polarized EPR lineshapes obtained from photosynthetic samples have used adaptations of the standard radical pair theory of chemically induced dynamic electron polarization (CIDEP) developed for studies on reactions in solution [3, 4, 10] . This th~ory treats the spin-spin interaction in terms of isotropit exchange b~tween the two radicals formed after electron transfer. Recent work on bacterial reaction centers has shown that there is significant electronelectron magnetic dipole coupling b~tween the primary electron donor and acceptor after charge separation has occurred [11, 12] .
These experiments suggest that more details of reaction center structure and of the interactions between radical pairs that give rise to CIDEP could be deduced by studying the dependence of the spin-polarized lineshape on membrane orientation in the Zeeman field.
Earlier investigations done in our laboratory on broken spinach chloroplasts, studied under reducing conditions at 10K, 3 showed that when the photosystem 1 (PS1) reaction center is poised in the r~dox state P-700 A 1 X (Fds,A)=, a significant orientation dependence of the spin polarized EPR spectrum in the g 2.0 region is observed. These experiments were done on chloroplast thylakoids which had been aligned in a 10kG magnetic field. Recently, it has been shown that a higher degree of ori~ntation of broken chloroplasts can be o~tained by usin~ the technique of partial dehydration on a flat surface rather than m a g n e t i c f i e 1 d a 1 i g n me n t [ 1 3 , 1 4 ] • Th e r e f o r e we h a v e r e p e a t e d t h e above measurements to ~xamine the magnetic interactions and properties of P-700+ and th~ reduced prima·ry acceptors of PS1 in more deta i 1.
We a n a 1 y z e t he s e data u s i n g a mode 1 w·h e r e t he o b s e r v e d or i en tat i on de pen d:e n c e i s accounted for by an e-1 e c t ron-e 1 e c t ron magnetic dipole interaction between P-700+ and the reduced primary acceptor species, including a small g tensor anisotropy on the primary acceptor •. The model also requires that there are two acceptor species with g values in the free electron region t h a t a r e p r i o r t o t h e m o r e s t a b 1 e e 1 e c ·t r o n a c c e p t o r k n ow n a s X o r A 2 [15] . Thus, supporting the recent al. [16] and Bonnerjea and Evans [17] proposal made by Gast, et that the makeup of the PSl 1/ electron transport scheme is: P-700 A 0 A 1 X (Fd 8 ,A).
MATERIALS AND METHODS
Time-resolved EPR measurements were made at X-band with a Varian E-109 EPR spectrometer modified for magnetic field were soaked in a solution containing 1% Collodion{Mallinckrodt), 99% ethanol and allowed to dry. The thick chloroplast suspension (approx. 3 mg Chl/ml) was then pipetted onto the strips which were supported horizontally on a teflon drying rack. The rack was then placed in a 90% relative humidity environment or in a N 2 environment at 4°C and allowed to dry. When drying was athieved by flowing N 2 gas over the strips, the flow rate was adjusted so that the process took about 4 h. When the 90% relative humidity chamber was used, drying took about 36 h. In both cases, good orientation was obtained~ and for this work most of the drying 6 was done in a N 2 gas environment. After drying, approximately 5 strips were stacked into a "sandwich" and placed in an EPR tube.
In many instances the samples were illuminated while being cooled to liquid nitrogen temperature. The light source for these treatments was a 400W tungsten lamp (Cary) filtered through a with those previously raported [13] . In experiments where the species X is reduced, a large signa·l at g 1.77 is observe~ in the parallel orientation in ag~eement with previous findings The possibility of distortion due to rapid passage in field 9 modulation experiments was tested by repeating the above measurements using direct detection of resonance. T~e field profile ( Fig. 3 ) recorded for oriented thylakoids(parallel orientation) using direct detection yields a mixed emissive absorptive lineshape identical to that obtained in the field modulation experiment (Fig. 2b) . T~is indicates that distortion of the signal amplitud.es due to ra,pid pass.age is not significant.
The structure seen in the field modulated data (the shoulders in the low and high field lobes of Fig. 2b ) is also observed in the direct detection experiment.
Oriented samples prepared so that the species X is reduced prior to flash stimulat.ion give rise to decays with kinetic com pone n t s of 3 J.l s a n d 2. The field profiles of the 3 1JS component in the 45° and parallel configurations give 3-lobe emissive-absorptive shapes similar to those reported-previously [4] . However, the signal-tonoise ratio is poor(possibly due to time resolution constraints).
We are currently investigating the orientation behavior of this signal in more detail using the direct detection system.
Time-resolved EPR measurements were done also on samples which had been treated with 10mM K 3 Fe(CN) 6 before drying and freezing in the dark. Steady state EPR spectra showed that P-700, the primary donor of PS1, was oxidized and that Fe-S center A could not be reduced by steady illumination with white light at 10K. Under these conditions, no rapid (sub-millisecond) EPR transient signals wer~ observed in the g 2.0 region.
DISCUSSION
The field profile obtained ~hen Fe-S centers A and B are reduced prior to flash excitation is highly orientation dep~ndent (Fig. 2) . In a previous paper [4] , we attempted to interpret the field profile for randomly oriented thylakoids poised in t.his redox state using the so-called two-site model of Friesner, et al. [10] . In that model we assumed that the transient EPR signals
were due entirely to P-700+ and that the observed spin polarization developed as the result of two separate radical pair interactions. The first interaction was between P-700+ and A 1 -, and the second between P-700+ and x-after electron transfer from A 1 -to X had occurred. In that treatment both sets of spin-spin interactions (between sucessive radical pairs) were taken to be isotropic, and the only origin of anisotropy in the spin polarized EPR spectrum of P-700+ was attributed to the g-value anisotropy of reduced X.
Attempts to simulate the orientation dependence shown in 
t i n g t h e p o 1 a r i z.a t i on we i g h t i n g f o r a g i v e n h y p e r f i n e s t ate . o f P -7 0 0 + • The r e·s u 1 t i n g p o 1 a r i z at i on W·e i g h t i n g i s t he n
time averaged ove·r the radical-pair lifetime and integrated over all possible orientations of the magnetic field vector in the PAS of the dipole-dipole splitting te·nsor. This procedure is described in more d~tail elsewhere [10] .
For simulations involving oriented samples, the orientational averaging technique described by Blum, et al. [24] for partially ordered membrane multilayers is used to weight w is the angle between the membrane normals and the field direction and is known from the experiment, whereas a must be averaged over 360° because there is no prefer~ntial ordering of the thylakoid membranes transverse to the membrane normal.
According to a theory put forth by Pedersen [25] the A 1 -s p e c i e s w i 11 b e d y n am i c a 1 1 y p o 1 a r i z e d be c a u s e e 1 e c t r o n t r a n s f e r ~,._, ,, statically polarized) to A 1 does not selectively involve the nuclear states of either radical.
Therefore, the net polarization on A 0 -is transfered uniformly over the hyperfine states of A 1 -so that the spe~trum of this species will be either emissive or a-bsorptive, but not mixed. I x p e r i m e n t a 1 e V· i ·d e n c e i·n s u p p o rt o f -t h i s i de a h a s · u ~ 1:! n o b t a ·; n e d from bacterial reaction centers [26, 27] . The procedure for simulating the spectra of Fig. 2 involves first calculating the polarization pattern of P-700+ and determining its net polarization to find the appropriate scaling factor for the spectrum of A 1 -. The spectrum for each radical is then added to
give the predicted output.
Computer simulation of the random and oriented spectra of to the random spectrum.
The constraint that the above parameters, which allow satisfactory fits of the random spectrum, must also provide good fits for the oriented spectra narrows the range of acceptable parameter values considerably. Computer simulations of the three oriented spectra examined in this study are plotted in Fig. 6 along with the experimental data. We find that the oriented spectra can be simulated only if: (a) the g-value of A 0 -is 2.0031 ± .0002 for the parallel and ~5° orientations; and (b) the g-value of Ao is 2.0026 ± .0001 in the perpendicular case. This slight amount of anisotropy in the g-t~nsor of A 0 -is needed to make the low field portion of the spectrum due to A 1 -go to zero in the perpendicular orientation (Fig. 6b) . When there is no net polarization on P-700+ (s~ch as occurs when 6g=O in the primary radical pair), there is no polarization transfered to A 1 -, and the low field contribution to the spectrum is minimized. Thus, the spectrum observed in the perpendicular orientation covers a narrower width of field values than the random spectrum and is centered at g 2.0026, the g-value of P-700+. Evidence for small g anisotropy of the primary acceptor of bacterial photosynthesis has recently been found by Boxer, et a1. [28] . A second way in which the spectrum in the perpendicular orientation can be s i m u 1 a t e d i s i f t he g -v a 1 u.e o f A 0 -i s f i x e d a t 2 •· 0 0 3 1 ± • 0 0 0 2 a n d g anisotropy and/or hyperfine anisotropy of A 1 -is incorporated into the model, so that the contribution to the spectrum due to A 1 -lies precisely ~n top of that du~ to P-700+.
As state~ above the ~andom spectrum is only slightly sensitive to the value of E. Simulation of the spectra of the o r i e n t e d s am p 1 e s r e q u i r e. s t h a t E be bet w·e. e n 0 a n d -8 G • W he n t h e dipolar coupling tensor is made more rh·ombic, it is no longer possible to predict the pe~k positions and amplitude ratios of the spectrum obtained for the 45° orientation. Because the range of acceptable g-values for A 0 -is narrowed by the oriente·d .spectra simulations, the range of J values (assuming o~-50G) is also narrowed to J=-9.5 ± 1~0G.
Of the angle paramet~rs used fo~ doing the orientational averaging,. the simulations are ~ost sensitive to the values of e and the mosaic spre~d. It w~s found that e, t~e angle between the membrane normal and the z axis of the PAS of the dipolar coupling t t b 1 t 9 0° ( t he ensor, mus · e very c ose o lower limit is 85°) to predict the spect~a successfully at all three orientations.
Further, the mosaic spread cannot be greater than 20°. Because the best simulations were ~btained with the dipolar coupling tensor nearly axial and a e of 90°, the dependence of the predicted spectra on ~(the angle between the x axis of the PAS of the dipolar coupling tensor and the membrane normal) was slight.
One shortcoming of the model presented here is that, although it is successful in predicting the peak positions and relative peak amplitudes of the random and oriented spectra, it I8 does not pre~ict the structure in some of the oriented spectra{Figs. 5,6}. It is possible that the structure in these spectra is due to spectral properties of AI-that are difficult to extract from these experiments because the spectra from AI and P-700+ overlap extensively at X-band. Because little is known about the AI species, it w~s assumed in our simulations that it has no g-tensor or hy~erfine tensor anisotropy. Addition of either one or both of these anisotropic properties to the model presented above could account for the structure in our data. are statically polarize·d and t.he random spectrum can be simulated a s 1 o n g a s t he ex c h a n g e i n t e r a ct i on bet wee n P -70 0 + less than that between P-700+ and A 0 -by a factor .. Thylakoids were prepared and reduced as in Fig.1 . identical to those used to simYlate the random spectrum (Fig.S) . The microw~ve frequency used in simulating each spectrum was iderrtical to that used in the ~xperiment (Fig.2) .
Other simulation parameters were: (a) angle between the membran.e normal and the magnetic field direction, 0°; g-value of A 0 -, 2.0031; {b) orienta-tion a·ngle, 9·0°; g-value of A 0 -, 2.0026; and (c) orientation angle, 45°; g-·valu.e of A 0 -, 2 .
• 0031. Th-e mosaic spread of the membrane normals was 2rf, e was set at 90° and 4>
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